ABSTRACT In this paper, a robust adaptive dynamic surface control (RADSC) is proposed with a recurrent cerebellar model articulation controller (RCMAC) based on the function link neural network (FLNN) for two-axis X-Y table derived by two permanent-magnet synchronous motors (PMSMs) servo drives. Initially, an optimal computed torque controller (OCTC) is used to ensure the stability of the two-axis X-Y table system. But there may be destroyed in the control performance due to the presence of parameter uncertainties. This might be due to the fact that linear optimal control possesses inherent robustness within a specified spectrum of model uncertainties. Due to the above reasons, the RADSC is developed according to the system requirements in order to increase the robustness of the control system. In the proposed control scheme, a dynamic surface controller (DSC) and an RCMAC uncertainty observer with a robust controller are combined to constitute the RADSC scheme. In the proposed RADSC, the DSC is utilized to get rid of the complexity of explosion present in the backstepping design. Furthermore, the RCMAC uncertainty observer is developed such that it can approximate the nonlinear parameter uncertainty terms online, whereas the robust controller is designed to recover the residual of the approximation error of the RCMAC. Based on the Lyapunov stability analysis, the online adaptive control laws are derived. The experimental results confirm that the x-axis and y-axis motions are controlled separately, whereas it can be concluded that the proposed RADSC's dynamic behaviors accomplish robust tracking performance though there were parameter uncertainties. 
I. INTRODUCTION
The demand for updated precision positioning systems like optical pointing devices, machine tools and micro-machining for microelectronics manufacturing equipment is increasing day by day. These systems should be in place so as to achieve high productivity within short span of time. So, in the assembly industry, there is always a need to have high performance multi-axis control systems. One of the common examples of
The associate editor coordinating the review of this manuscript and approving it for publication was Feiqi Deng. multi-axis system is the linear X-Y table which is operated with the help of linear/rotary motors and servo controllers in order to coordinate the positioning tracking tasks. In previous research investigations, developing two-axis X-Y table of a computer numerical control (CNC) machine has been considered a competent task to achieve. This may be attributed to the fact that a two-axis X-Y table system is generally subjected to cross-coupling interferences, external disturbances and unmodeled dynamics. All of the aforementioned factors may contribute to the deterioration of the system performance when machining process occurs. So, in order to ensure the uncertainties and nonlinearities are compensated properly; a well-built control strategy should be adopted for the two-axis motion control systems [1] - [4] .
There are many issues for the precision control of the CNC machines, where each axis of an X-Y table is connected to a motor through a ball-screw. Disturbances such as friction, backlash and the torsional displacement [5] - [8] may degrade the tracking performance of the X-Y table. The friction can be modeled by different components such as Coulomb, viscous, static and Stribeck friction. Dynamic models that clarify the nonlinear behavior of the friction are presented in [7] . These dynamic models require accurate parameters identification with good resolution. However, obtaining accurate values of the friction model parameters call for complex estimation process. In a ball-screw driven X-Y table, it is very hard to derive an exact mathematical model of backlash nonlinearity. The backlash causes a time delay at speed reversal, which deteriorates the control performance. Because the stiffness of the ball-screw is finite a torsional displacement creates a difference between the motor position and the position of the X-Y table [8] . This difference is significant at high speeds and should be compensated to achieve accurate position control for the CNC machines. In order to overcome the mentioned disturbances, a sophisticated control strategy is required.
Since the X-Y table has absolute positioning capacity with high reliability and fast response, it has been widely applied in semiconductors, high-speed automated processing equipment and aerospace [9] - [11] . Generally, X-Y tables consist of mechanical parts with servo drives and servo controllers that control the X and Y motions of the mechanical parts. The X-Y table motion mechanism with each motion axis is driven by an individual actuator based on the servo drive. In the high-speed and high-accuracy industry applications, permanent-magnet synchronous motor (PMSM) servo drives enact a vital role in motion control applications due to its high efficiency, high air-gap flux density, compact size, high torque capability, free maintenance, high-power density and high torque/inertia ratio. The overall control performance of PMSM servo drives depend not only on the quickness and the precision of the system response, but also on the robustness of the control strategy. The parameter variations, which essentially depend on temperature variation, saturation and skin effects, can affect the PMSM servo drive performances. High-speed and precise contour control of the PMSM servo drive systems is gaining more and more interest from researchers.
Various robust control techniques have been proposed to improve the control properties and overcome the uncertainty challenge with the help of adaptive techniques [12] - [23] .Computed torque control (CTC) technique seems to have special attention in feedback linearization of nonlinear systems. But, such an excellent control scheme, are objected to be used in real-time, there is a reason due to lack of knowledge of uncertainties. Several publications on the applications of CTC and optimal control techniques can be found in the literatures [12] - [17] . The study in [15] provides an explicit solution to the prevailing HJB equation for optimal control of nonlinear systems. The study also suggested possible ways to use optimal and adaptive controls in case of unfavorable system parameters. Since the permanent-magnet synchronous motor (PMSM) is a multivariable, nonlinear, strong coupling system, there are several advanced nonlinear system control methods have been proposed to enhance the control properties of high-precision, fast-response, strong-robustness, rejection the nonlinear and coupling influences and elimination the effect of the unmodeled dynamics for the bearingless PMSM system [18] - [22] . In order to improve the torque density and suspension performance of bearingless PMSMs, a novel rotor structure with V-shaped PMs is designed [18] . In [19] , a new decoupling control scheme is proposed for a four-degree-of-freedom bearingless PMSM in a direct-driven spindle system based on the neural network inverse (NNI) and two-degree-of-freedom internal model control method which effectively eliminated the influence of the unmodeled dynamics to the decoupling control accuracy, as well as improved the control performance of tracking and disturbance rejection independently. A new decoupling control scheme is proposed in [20] for the bearingless PMSM system which combined the NNI control method and the two-degree-of-freedom internal model controllers to enhance the control properties and effectively reject the nonlinear and coupling influences. In [21] , the control properties of the bearingless PMSM system are improved greatly by the proposed decoupling control scheme which consisting of inverse system method and the internal model control. The proposed control scheme successfully realized the decoupling control of the two radial suspension subsystems and the rotor speed of the bearingless PMSM system, which avoided the disadvantages of the vector control scheme with PID controllers. Besides, by adding the two-degreeof-freedom internal model controllers for the pseudo-linear system, the decoupling accuracy is improved effectively as well as the effect of the unmodeled dynamics has been eliminated. A novel speed observation scheme using artificial neural network (ANN) inverse method is proposed in [22] to effectively reject the influence of speed detection error on system stability and precision for a bearingless induction motor.
Being a single-layer neural structure, function link neural network (FLNN) has the ability to form arbitrary complex decision regions through the development of nonlinear decision boundaries with nonlinear functional expansion. FLNN is generally used in function approximation and pattern classification with speedy conversion rate and low computational loading compared to multi-layer neural network [24] - [27] . CMAC can also be defined as incompletely connected perceptron-like associative memory network that has receptive-fields that overlap. Being a pre-validated network, a nonlinear function can be approximated over a domain of interest with a desired accuracy. As per the literature, the content presents in memory locations are denoted as 'weights' whereas the linear combination of all weights provides the output of the network [28] - [30] . A recurrent CMAC (RCMAC) network comprises dynamic elements in the form of feedback connections that are utilized as internal memories. The RCMAC architecture is a modified version of traditional CMAS network. This modification was performed in order to gain small number of receptive-fields to capture the system dynamics and for the conversion of static CMAS into a dynamic one [30] , [31] , [33] , [34] . If the functional-link fuzzy rules are added into RCMAC, then it would be appropriate and efficient as well. So, using trigonometric functions, FLNN has been proposed to develop the resulting part in RCMAC model. The dimensionality of the input vector increases through functional expansion due to which creating nonlinear decision boundaries in the multidimensional space along with the identification of complex nonlinear function become a simple process in this network. As a result, the RCMAC which is constructed on the basis of FLNN seems to be suitable for system identification and control.
Recently, several research efforts have been conducted to investigate various approaches to mitigate the uncertainties involved with X-Y table systems [35] - [45] . During the past ten years, much attention was given to backstepping control design techniques since these techniques were flexible enough for orderly fashion of modifications in the controller as desired, for instance, compensation for modeling errors or otherwise external disturbances too. However, there is a significant drawback in the backstepping design procedure i.e., explosion of terms. This explosion of terms is predominantly created due to the continuous differentiation of the virtual inputs. This disadvantage can be overcome using DSC technique that was recently proposed through the introducing of a first-order low-pass filter at every step in the conventional backstepping design procedure [46] , [47] . Backstepping and DSC are similar as both are considered as iterative systematic design procedures. The research on the DSC method has advanced significantly since the late 1990s. The DSC is an improved backstepping control method, whose design process is executed in a step-by-step manner. At each step of design a feedback controller is designed to guarantee input-to-state practical stability of the corresponding subsystem. The primary advantage of the DSC is that it can circumvent the problem of ''explosion of terms'' inherent in the backstepping design procedure. The issue of explosion terms that arise in traditional backstepping control techniques can be overcome by using first-order low pass filters [46] , [47] . In order to estimate the unidentified nonlinear uncertainties and to reduce the explosion complexity, a fuzzy logic-based approach was used in combination with DSC in backstepping design technique [54] , [60] , [63] - [67] . Neural networks were also employed to make it possible dealing with unknown nonlinear and uncertain dynamics [48] , [49] , [57] , [58] , [60] , [68] - [77] . A disturbance observer was generated in order to tack unidentified external disturbances in an efficient manner [78] - [81] . In [50] , an approach is proposed in which integrator-backstepping-based DSC method is to be implemented for a two-axis piezoelectric micropositioning stage to enhance the tracking performance. In [51] , a feedback linearization strategy is designed along with the dynamic surface control in order to improve the paper handling performance subject to noises. According to the studies conducted in [52] , [53] , an adaptive DSC is considered in case of mobile robots in which the absolute parameters of robot kinematics and dynamics along with the actuator dynamics are assumed to be unknown a priori. According to the study conducted in [55] , a T-S fuzzy model-based adaptive DSC for balance control in a ball-andbeam system is proposed. To achieve high grade performance, with the help of DSC techniques, an observer-based adaptive robust controller was developed for servo mechanisms with unmeasurable states [55] , [56] . A neural network-based adaptive DSC method for PMSMs along with load torque disturbance and parameter uncertainties is proposed in [57] . In order to measure the unidentified and nonlinear functions of the PMSM drive system, neural networks-based adaptive DSC is developed to eliminate the backstepping design explosion issue. According to [58] , optimal computed torque controller (OCTC) is proposed to approximate the CTC law, minimize the quadratic performance index on the basis of HJB optimization scheme and to stabilize the control system. Furthermore the robust ADSC is developed to enhance the performance of the PMSM servo drives driven the X-Y table system. In [59] , an adaptive nonlinear disturbance observer with the help of a recurrent-wavelet-neural-network for X-Y table system to measure the uncertainty in real time and improve the control system performance is presented. This paper is motivated by the concept of designing an RADSC with RCMAC uncertainty observer to identify and control the X-Y table system driven by PMSM servo drives and ball-screws. The problem that generally occurs in motion control system is that the exact lumped parameter uncertainties are tough to retrieve in prior for practical applications. So, in this paper proposes a nonlinear controller on the basis of DSC and RCMAC in order to accomplish the aim set earlier.
The proposed RADSC features the following advantages:
• A new recurrent structure with recurrent property which enables the RCMAC model dealing with temporal problems.
• The successive part of the rules remains a nonlinear function of input linguistic variables through adopting FLNN in the consequent part of the rules. The RCMAC model's local properties ensure a nonlinear combination of input variables to be approximated in an effective manner.
• In case of RCMAC, under the allocation memory space, delayed self-recurrent units are added to reflect the dynamic CMAC. This makes the proposed RCMAC dynamic structure superior when compared with the conventional a static CMAC in terms of efficient learning mechanism and dynamic response.
• Generally, the input data fed into the FLNN model provide higher-order effects due to increased dimension of the input extended space. Abiding by this, the input representation is improved and linear separation is accomplished in the extended space.
• The nonlinear lumped parameter uncertainty terms are approximated by the adaptive RCMAC uncertainty observer thus resulting in a controller which can withstand a spectrum of uncertainties.
• The RADSC possesses robust control characteristics with parameter variations and compounded disturbance.
• The proposed RADSC is based on RCMAC uncertainty observer and it is features high robust and adaptive controller.
II. MATHEMATICAL MODELING WITH UNCERTAINTY AND PROBLEM STATEMENT A. DYNAMIC MODELING OF THE PMSM SERVO DRIVE
The mathematical modeling of the PMSM in the rotating reference frame is described as following [58] , [88] :
Based on the vector control technique, the electromagnetic torque is expressed as:
The equation of motion for the PMSM actuator is given by:
where V qs , V ds , i qs and i ds are the stator voltages and currents, respectively. R s and L ss are the resistance and self inductance of the stator. θ r , ω r , J m , and β m are the rotor position, electrical rotor speed, effective inertia, and friction coefficient, respectively. T e and T L are the electromagnetic torque and the load torque, respectively.
B. DYNAMIC MODELING OF THE X-Y TABLE LINKED TO BALL-SCREWS
Based on the assumption no energy loss exists in the transformation, the X-Y table driven by PMSMs and ball-screws is modeled as:
where
and T f are the displacement of the X-Y table in the x-direction, the friction coefficient, the stiffness constant of the ball-screw, the lead screw, the displacement in X-axis, the friction force, the mass of the mover, the viscous friction and iron-loss coefficient, the friction torque, respectively. By considering Coulomb friction, viscous friction and Stribeck effect, the friction force can be formulated as [2] , [23] .
and sgn(·) are the frictional force, the Coulomb friction, the static friction, the Stribeck velocity parameter, the coefficient of viscous friction, the sign function, respectively. All the parameters in (10) are time varying.
C. DYNAMIC MODELING OF THE X-Y TABLE DRIVEN BY PMSMs AND BALL-SCREWS WITH UNCERTAINTY
While the X-Y table system is on operation, the parameters are varying as a result of load torque/load force disturbance, friction, backlash, temperature and saturation. All parameter uncertainties of the dynamic model of the X-Y table system presented in (1)- (10) can be taken into account using the following state space representation. The state variables are defined as
where It is to be noted that although several control strategies were implemented for the control of X-Y table driven by servo drives and ball-screws, many issues must be mitigated to achieve accurate control performance. The dynamic modeling presented in (11)- (12) shows that the X-Y table system has many disturbance factors created by the servo drive system side and the X-Y table with ball-screws side. So, this control system is usually subjected to unmodeled dynamics, external disturbances, cross-axis coupling interferences, frictional torque/force, backlash and torsional displacement which often deteriorate the system performance during a machining process. Therefore, the X-Y table driven by servo drives and ball-screws is considered a highly nonlinear time-varying system in practical applications. This is a significant reason for the complexity of developing a robust control of the X-Y table system which is the main aim of this paper. Figure 1 shows the construction of the proposed control scheme. The control objective is to design an RADSC with a closed-loop system (described by (11) and (12)) of a satisfactory stability margin under the presence of any or all factors that include frictional force/torque, backlash, torsional displacement, external disturbances, parameter variations and cross-coupled interference. Furthermore, all magnitude of all tracking errors are bounded in a uniform manner and can be arbitrary small as t → ∞. The X-Y table uncertainties, considered in this paper; t (X t ) and a (X a ), are assumed to be bounded. The other two uncertain terms q and d are neglected to simplify the control algorithm. In order to stabilize the X-Y table system, an OCTC is initially utilized [58] . However with the parameter uncertainties, there may be destruction to the control performance since the linear optimal control has inherent robustness irrespective of certain range of model uncertainties. Hence the design of the RADSC is developed to enhance the robustness of the motion control system. The proposed RADSC combines DSC, RCMAC uncertainty observer and a robust controller. In order to overcome the complexity of explosion in backstepping design, the DSC is utilized which also enhances the robustness of the motion control system. According to the first assumption, there is no possibility for direct evaluation of the uncertainty terms in (11) and (12) . So, in this paper, an RCMAC with FLNN uncertainty observer to approximate the parameter uncertainty terms t and a , respectively, in real time is proposed. In addition, a robust controller is developed to recover the approximation error's residual in the RCMAC model. 
D. PROBLEM STATEMENT

III. CONSTRUCTION OF THE UNCERTAINTY OBSERVER USING RCMAC WITH FLNN A. FUNCTION-LINK NEURAL NETWORK
The FLNN architecture is illustrated in Figure 2 [58] . The functional link performs as an element for the input variables to create a set of linearly independent trigonometric functions. The trigonometric function is adopted due to the fact that it generates a compact representation than the Gaussian basis [24] - [26] , [82] , [83] . Therefore, the accuracy improvement of the function approximation for the RCMAC is achieved by using FLNN as shown in Figure 3 . The FLNN output of the jth node is given below [58] : where X ∈ n , X = [χ 1 , χ 2 , . . . , χ n ] T is the input vector and W j = [w 1j , w 2j , . . . , w mj , . . . , w n m j ] T ∈ n m is the connective weights between W j and φ m , φ m is the nth of the function expansion. Figure 3 illustrates the RCMAC architecture which is a modified CMAC model containing recurrent weights, input space, receptive-field space, weight memory space, association memory space and output space. Through the fuzzy inference rules [58] , the modified CMAC model proposed in this paper can be represented as follows.
B. DESCRIPTION OF THE RCMAC
where the input dimension is denoted as n i , the number of fuzzy rules is denoted as n j , the fuzzy sets for ith and jth input are denoted as f ij and the output weight for the consequent part is denoted as w j . Figure 4 shows the structure for the proposed two-dimension RCMAC scheme (n i = 2) with four 
, n i denotes the number of input state variables and all the input state variables χ i must be quantized into discrete regions (called elements) according to a given control space.
2) Association Memory Space A (membership function space): Every block executes a respective-field basis function in this space. The Gaussian function [28] - [34] is used as the respective-filed basis function, which can be represented as
for i = 1, 2, · · · , n i , and j = 1, 2, · · · , n j (15) where µ ij denotes the mean parameter and σ ij denotes the variance parameter. The block's input can be interpreted as
where recurrent weight is denoted as α ij whereas the equation 
Through a vector notation, the multidimensional receptivefield function can be established as
4) Weight Memory Space W (function-link output weight): Each location of the respective field T to a particular adjustable value in the weight memory space is given by: (19) where the connecting weight value of the output associated with the jth layer is denoted by ω j . This can be derived from the function based on (13) which is illustrated in Figure 3 . It is possible to rewrite the output weight W as 
5) Output Space Y: The algebraic addition of the activated weights in the weight memory is otherwise called as the output computation of RCMAC which is expressed through the equation below
In this paper, four weights, µ ij , σ ij , α ij , and j are under training to get the adapted laws using Lyapunov stability analysis. The weighting vector , which collects all weights for training, is defined as The proposed RCMAC with FLNN features simple structure, dynamic characteristics and better generalization capability. The dynamic characteristic is achieved through the recurrent feedback by considering the past value of the receptive-field basis function in the association memory space. The FLNN is used to improve the performance of the RCMAC uncertainty observer. Therefore, the RCMAC based on the FLNN is suitable for system identification in control applications. Figure 1 shows the configuration of the proposed control scheme. The control objective of the proposed ADSC law is that the real motion d x (t) being able to track the reference motion d m x (t). Within the RADSC, the RCMAC uncertainty observer estimates the lumped parameter uncertainty (·) online and the robust controller is designed to cancel the effect of the approximation error in the RCMAC uncertainty observer.
IV. ADAPTIVE DYNAMIC SURFACE CONTROL USING RCMAC WITH FLNN
According to the universal approximation theorem [82] - [87] , there exist an optimal RCMAC approximation * , such that
where ε is the minimum reconstructed error, and * and γ * are respectively the optimal parameter matrix and vector of and γ , respectively. Since the optimal RCMAC can not be obtained, an RCMAC uncertainty observer is defined aŝ
whereˆ andγ are the estimated matrix and vector of * and γ * , respectively, andμ,σ andα are the estimated vector of µ * , σ * and α * , respectively. Assumption 4: let the input X = [χ 1 , χ 2 , . . . , χ n ] T of the RCMAC based on FLNN belongs to a compact sets ˆ , μ , σ and α which are utilized for the approximation purpose of the nonlinear function (·). The optimal parameter of the time invariant matrix * and vectors µ * , σ * and α * of the RCMAC, respectively, are defined as
where ˆ , μ , σ and α are compact sets of suitable bounds onˆ ,μ,σ andα, respectively, and they are defined as ˆ = {ˆ ˆ ≤ kˆ }, μ = {μ μ ≤ kμ}, σ = {σ σ ≤ kσ } and α = {α α ≤ kα}; kˆ , kμ, kσ and kα are positive constants design parameters.
A. DESIGN OF THE RADSC SCHEME
According to the discussion in the previous section and based on the universal approximation theorem [82] - [87] and Assumption 4, the RCMAC with FLNN uncertainty observer outputs for the X-Y table and the PMSM actuator t (·) andˆ a (·), are designed to observe the uncertainty terms in (12) to an arbitrary accuracy as (27) where ε is the minimum reconstructed error and * t , * a , γ * t and γ * a are the optimal parameter matrices and vectors of t , a , γ t and γ a , respectively. Since the optimal RCMAC can not be obtained, an uncertainty observer is defined aŝ (29) where u RC a and u RC t are the robust controllers which are designed to recover the residual of the approximation error of the RCMAC uncertainty observer.
Subtracting (28) from (26) and (24) from (27), the estimation errors˜ t and˜ a , respectively, can be obtained as
The expansion ofγ t andγ a using Taylor series can be obtained as follows [82] - [84] :
where ξ t ∈ n l and ξ a ∈ n l are vectors with high order terms and assumed to be pounded by a positive constant; (∂γ tj /∂µ t ), (∂γ tj /∂σ t ), (∂γ tj /∂α t ), (∂γ aj /∂µ a ), (∂γ aj /∂σ a ), and (∂γ aj /∂α a ) are defined as
From (32) and (33), the following equations can be obtained
Substituting (32) and (37) into (30) yields
Substituting (33) and (38) into (31) yields
where ϑ a (t) = T a * a ξ a + T a˜ a (γ T aµμ a +γ T aσσ a +γ T aαα a )+ε 2 is assumed to be bounded by |ϑ a (t)| < a .
On the basis of assuming uncertainty bounds such as t and a are constant at the time of observation, such bounds are quite challenging to measure in day to day applications. So, the bound estimations are created assuming that uncertainty bounds can be measured. The estimation errors can be defined via two equations as follows.
whereˆ t (t) andˆ a (t) are the estimated uncertainty bounds. According to [58] , a step-by-step design procedure for the DSC with the RCMAC uncertainty observer is discussed below.
Step 1: The first error surface is defined as z 1 (t) = x 1 (t) − d m x (t) whereas its derivative isż 1 (t) =ẋ 1 (t) −ḋ m x (t) = x 2 (t) −ḋ m x (t). The virtual control lawx 2 (t) is chosen to derive z 1 (t) → 0 as follows:
where k 1 > 0 is designed to provide the best performance. Following this, in order to get rid of the challenge of explosion of terms which is usually a case due to repeated differentiations, a first-order low pass filter x 2f is introduced. Letx 2 (t) pass through a first order filter with time constant τ 2 > 0. This filter is used to generate x 2f and its derivativeẋ 2f such that |x 2f −x 2 | is smaller than a given level.
Step 2: The second error surface according to the filtered virtual control law, x 2f , is given by
By differentiating (46) and utilizing (11), the following equation can be derived:
Using the RCMAC uncertainty observer outputˆ t (·) (28) and (45), the virtual control lawx 3 (t) is to drive z 2 (t) → 0 as follows:
where the design control gain is denoted as. Then,x 3 (t) is passed through a first order filter with time constant, τ 3 > 0, to obtain x 3f and its derivativeẋ 3f such that |x 3f −x 3 | is smaller than a given tolerance level.
Step 3: The third error surface that filters virtual control can be defied through the equation z 3 (t) = x 3 (t) − x 3f (t). Differentiating z 3 (t):
The virtual control lawx 4 (t) is chosen using (49) to get z 3 (t) → 0 as follows:
where k 3 > 0 is designed to obtain the best performance. Then, passx 4 (t) through a first order filter with time constant τ 4 > 0 to obtain x 3f and its derivativeẋ 4f such that |x 4f −x 4 | is smaller than a designated tolerance level.
Step 4: The fourth error surface according to the filtered virtual control law,x 4f is given by
Using the derivative of (53) and utilizing (11):
The actual control law u r qs (t) is designed based on the output of the RCMAC uncertainty observerˆ a (·) (29) and (52) to get z 4 (t) → 0 as:
where k 4 > 0 is designed to get the best performance.
B. STABILITY ANALYSIS
The analytical expressions of the closed-loop control system using the error surfaces (z 1 , z 2 , z 3 and z 4 ), the boundary layer errors (q 2 , q 3 and q 4 ), and the estimation errors˜ a ,˜ t ,γ t andγ a are derived below. With the help of (26) and (27) , the tracking surfaces' derivative is obtained aṡ
Considering the boundary layer errors or filters' errors using (44), (45), (48), (49), (51) and (52) as
Using (26), (27) and (60)- (62), (56)- (59), the following equations can be derived:
Differentiating (60)- (62) yieldṡ
Theorem 1: The X-Y table control system driven by PMSM servo drive in addition to the model uncertainties expressed through (12) is considered. The original control input is designed as (55) whereas in case of virtual controllers, these are designed as (44), (48) and (51) . If the proposed RADSC system is able to produce the expected outcome as per the above five assumptions, the RADSC adaptive laws are designed according to (73)- (80) . Based on (81) and (83), the robust controllers are designed with the bound estimation algorithms as per (82) and (84) .
By choosing the values of the control parameters appropriately, the dynamic surface controller is asymptotically stable and the estimates along with the adaptation laws presented in (73)- (80), (82) and (84), respectively are uniformly ultimately bounded. Furthermore, the tracking errors and the observer errors can be made arbitrary small at a desired attenuation level. This claim is proved in the Appendix.
V. EXPERIMENTATION OF THE X-Y TABLE CONTROL SYSTEM
To verify the validity of the proposed controller, four comparative experimentations are implemented using OCTC, DSC, ADSC and RADSC. The proposed RADSC scheme is compared with the OCTC, DSC and ADSC schemes to find out the effect of uncertainties on the performance of the X-Y table system. To evaluate the effectiveness of the RADSC control scheme proposed in this paper, the experimentation VOLUME 7, 2019 was implemented using MATLAB /SIMULINK on the basis of control system illustrated in Figures (1-5) . In order to implement the control algorithms as illustrated in Figure 6 , a DSP control board; dSPACE DS1104 is utilized. 200µs is chosen as the sampling rate as the carrier frequency for the pulse width modulation-based inverter is set to 5kHz. The control interval of the motion control loop is set at 1 ms. Figure 7 shows the experimental results of the dynamic performance for the proposed RADSC with RCMAC uncertainty observer which may be attributed to window reference contour. Figure 7 (a), depicts the dynamic response for the X-Y table which includes the motion tracking responses, the motion tracking errors, the velocity tracking responses as well as the control efforts in X-Y axis due to window contour for Case (1) of parameter uncertainties. Figure 7 (b) illustrates the control efforts, tracking errors of X-axis and Y-axis and the tracking responses of the X-Y table, for Case (2) of parameter uncertainties. Figure 8 illustrates the dynamic performance of the X-Y table control system under no-load condition using RADSC for both cases of PU. It is clear from the experimental results that good tracking responses and robust control characteristics were achieved for both parameter uncertainty cases. Results show that the proposed RADSC with RCMAC uncertainty observer is able to meet the accuracy requirements and is apt as the tracking controller of the X-Y table control system for practical applications. 
A. EXPERIMENTAL RESULTS
In
B. PERFORMANCE EVALUATION
To evaluate the performance of the X-Y table control system, the maximum, average and standard deviation of the tracking errors, TE max , TE mean and TE sd , are calculated based on the following equation [58] :
C. COMPARISON OF CONTROL PERFORMANCE
To exhibit the enhancement found in the control performance, the experimentation adopted OCTC, DSC, ADSC and and robust control characteristics and it is able to control the PMSM servo drive system driven X-Y table in an effective manner. In Tables 3, the performance evaluation of the proposed RADSC scheme along with prior research works are provided. It is evident that the proposed RADSC with the RCMAC uncertainty observer provides better dynamic performance under parameter uncertainties. Although the computation burden of the RADSC scheme is increased for executing the control actions and adaptive laws, it gives better dynamic response compared with the OCTC, DSC and ADSC schemes. Utilizing high-performance DSPs can provide flexible environments with high execution rates for advanced control schemes effectively.
VI. CONCLUSION
In this paper, a novel RADSC scheme is proposed to identify the control of the X-Y table system driven by PMSM servo drive and ball-screws. The proposed scheme provides high dynamic performance that guarantees the robustness in spite of the intrusion that comes in the form of frictional force, cross-coupled interference, external disturbances and parameter uncertainties. At first, an OCTC is used to guarantee the stability of the X-Y table control system. However there may be destruction in control performance due to parameter uncertainties for the reason that linear optimal control inherits robustness against a certain range of model uncertainties. This is followed by the designing and implementation of the RADSC to improve the robustness of the X-Y table control system. The DSC and the RCMAC uncertainty observer with robust controller were incorporated to develop the proposed RADSC scheme. The DSC is utilized to get rid of explosion complexity in the backstepping design and also to improve the robustness of the X-Y table system. In order to estimate the nonlinear parameter uncertainties in real time, the RCMAC uncertainty observer is utilized. Further, the robust controller is designed in such a way that one can recover the residual of RCMAC approximation error. Lyapunov stability analysis is utilized to derive the online adaptive control laws.
APPENDIX
PROOF OF THEOREM 1
The following Lyapunov function is used in the derivation of the adaptive laws for the RADSC and the minimization of the dynamic surfaces errors and the boundary layer of filters. Substituting (26), (27) , (77)- (80), (82) and (84) This relation implies thatV < 0 when V < (c/b). Accordingly, the surface errors (z 1 , z 2 , z 3 , z 4 ) and the boundary layer errors (q 2 , q 3 , q 4 ) and the estimation errors (˜ t ,˜ a ,γ t ,γ a ,μ t , µ a ,α t ,α a ,σ t ,σ a ,˜ t ,˜ a ) are uniformly ultimately bounded. At last, the proof of Theorem 1 is completed.
